Background
==========

Critical illness syndrome caused by trauma or sepsis is characterized by a dysregulated immune response and can lead to organ dysfunction, increased morbidity, and eventual death \[[@b1-medscimonit-26-e920365]--[@b4-medscimonit-26-e920365]\]. Despite advances in therapeutic methods \[[@b5-medscimonit-26-e920365],[@b6-medscimonit-26-e920365]\], organ dysfunction syndromes, including acute respiratory distress syndrome (ARDS), can be remarkably difficult to diagnose early, and they can complicate therapy status and accelerate disease progression in patients. Neonatal ARDS is a common clinical syndrome characterized by refractory respiratory failure with hypoxemia, and it has high morbidity and mortality rates. It is well established that neonatal ARDS is caused by excessive inflammation, lung immaturity, and abnormal synthesis of pulmonary surfactant in premature infants \[[@b7-medscimonit-26-e920365]\]. Recent studies have reported that excessive inflammation plays an important role in the pathogenesis of neonatal ARDS \[[@b8-medscimonit-26-e920365]\]. The pathogenesis of this neonatal condition is based on uncontrolled inflammatory response in lungs and impaired integrity of alveolar-capillary membranes, which leads to accumulation of high-protein edema fluid in the lung tissues \[[@b9-medscimonit-26-e920365],[@b10-medscimonit-26-e920365]\]. However, current clinical immune-targeted or pharmacologic therapies have numerous limitations, which has stimulated interest in investigating the fundamental cellular mechanism related to the regulation of acute lung inflammation and injury in ARDS and developing novel and effective therapeutic strategies for neonatal ARDS \[[@b11-medscimonit-26-e920365],[@b12-medscimonit-26-e920365]\].

Interleukin (IL)-37 belongs to the IL-1 family, but it is different from most IL-1 family members, which are pro-inflammatory factors, because of its notable anti-inflammation actions. Thus, IL-37 has emerged as a natural suppressor of innate immune response \[[@b13-medscimonit-26-e920365]\], whose function is reported to be caspase-1-dependent. Caspase-1 processing takes part in intracellular IL-37 maturation and mature IL-37 secretion \[[@b14-medscimonit-26-e920365]\]. As a fundamental inhibitor of innate immunity, IL-37 protects against pulmonary damage through inhibiting pro-inflammatory cytokines production in murine aspergillosis \[[@b15-medscimonit-26-e920365]\]. IL-37 was also demonstrated to suppress pertussis toxin-induced inflammatory reaction by Smad3 signaling in autoimmune myositis rats \[[@b16-medscimonit-26-e920365]\]. Thus, it appears that IL-37 has potential therapeutic effects on neonatal ARDS.

In the present study, we investigated the roles of IL-37 in the pathogenesis of neonatal ARDS and its underlying biochemical mechanism to help develop a clinical therapeutic strategy for neonatal ARDS.

Material and Methods
====================

Animals
-------

Neonatal C57BL/6 mice (6 days old) (Oriental Bio Service, Inc., Nanjing) were maintained in standard cages with a 12-h light/dark cycle at 22±2°C with 55--65% relative humidity and free access to food and water. Animal care and experimental procedures were performed in accordance with the guidelines established by the Institutional Animal Care and Use Committees at Huashan North Hospital (IACUC issue no. 20180406; date: 20180407).

Mouse model of neonatal acute respiratory distress syndrome (ARDS) and drug administration
------------------------------------------------------------------------------------------

The neonatal ARDS mouse model was established as previously described, with minor revision \[[@b17-medscimonit-26-e920365]\]. Thirty neonatal C57BL/6 mice were randomly divided into a normal saline control group (n=10) and an LPS-induced group (n=20). Mice in the LPS-induced group were injected intraperitoneally with LPS (10 mg/kg) purchased from Sigma-Aldrich (St. Louis, MO). Mice in the normal saline control group were injected with an equal volume of sterile saline. Ten mice in the LPS-induced group were intraperitoneally injected with 1 μg of recombinant IL-37 (R&D Systems, Shanghai, China) per mouse \[[@b15-medscimonit-26-e920365]\] 2 h before LPS injection. The other 10 LPS-induced mice and the 10 control mice received the same weight-based volume of vehicle. All mice were sacrificed 72 h after LPS or saline treatment and blood samples were collected.

ELISA assay
-----------

Blood was collected through eyeball extraction after LPS injection at 12 h and 24 h, and serum was separated through centrifugation at 3500 rpm at 4°C for 15 min. A specific ELISA kit (Invitrogen, Carlsbad, CA, USA) was used to measure levels of inflammatory cytokines (IL-1β, IL-8, TNF-α, and MCP-1) according to the manufacturer's protocols. The color intensity was assayed at 450 nm with reference wave length using a microplate reader (Bio-Rad, Hercules, CA, USA).

Hematoxylin-eosin (HE) staining
-------------------------------

At 12 h and 24 h after LPS injection, lung tissues were fixed in 4% paraformaldehyde for 24 h at room temperature and then embedded in paraffin. Lung tissues were cut into 5-μm-thick sections. Then, the sections were dewaxed with xylene and dehydrated with gradient ethanol. Slides were stained with HE. Finally, the sections were transparentized with xylene and observed using an inverted fluorescence microscope (Nikon Eclipse Ti; Nikon Corporation, Tokyo, Japan) at 200× magnification to confirm the pathological changes of lung tissues.

Western blotting
----------------

Lung tissues were homogenized to obtain protein samples with RIPA lysis buffer containing PMSF after washing with cold PBS. Then, the protein (25 μg) was separated by SDS-PAGE and transferred to PVDF membranes. The membranes were incubated overnight with appropriated primary antibody at 4°C after being blocked with 5% bovine serum albumin (BSA). Rabbit anti-ICAM-1 antibodies (1: 1000), rabbit anti-CXCR4 antibodies (1: 1000), rabbit anti-SDF-1 antibodies (1: 1000), rabbit anti-Bcl2 antibodies (1: 1000), rabbit anti-bax antibodies (1: 1000), rabbit anti-cleaved caspase3 antibodies (1: 500), rabbit anti-NLRP3 antibodies (1: 1000), rabbit anti-ASC antibodies (1: 1000), rabbit anti-pro-IL-1β antibodies (1: 1000), rabbit anti-IL-1β antibodies (1: 1000), rabbit anti-pro-caspase1 antibodies (1: 1000), and rabbit anti-caspase1 antibodies (1: 1000) were purchased from Cell Signaling Technology (Danvers, USA). Subsequently, PVDF membranes were incubated with the corresponding secondary antibodies and visualized using a Tanon-5200 Chemiluminescence Imager (Tanon, Shanghai, China) with enhanced chemiluminescence (ECL) method.

TUNEL assay
-----------

Apoptotic cells were detected via TUNEL assay. The ApopTag In Situ Apoptosis Detection Kit (Merck Millipore, Darmstadt, Germany) was used to detect apoptotic cells. Fluorescein isothiocyanate (FITC) (green) and 4′,6-diamidino-2-phenylindole (DAPI) (blue) were used to stain the apoptotic cells and the nuclei, respectively. In blinded fashion, we counted the number of positive cells in micrographs at 200× magnification).

Immunohistochemistry of NLRP3
-----------------------------

Lung tissue sections were blocked with 1% normal fetal goat serum and then stained overnight with antibody against rabbit anti-NLRP3 polyclonal antibody (1: 200, Millipore, Billerica, MA, USA) at 4°C. Subsequently, the sections were incubated with alkaline biotin-conjugated secondary antibody for 2 h at 37°C. The immunoreactivity was visualized via the standard avidin--biotin complex reaction with diaminobenzidine (DAB) and observed under a conventional light microscope (Olympus PD70) at 200× magnification.

Statistical analysis
--------------------

The group data are expressed as mean±standard error (SEM) and were analyzed with SPSS 17.0 software. The groups were compared with the 2-tailed unpaired *t* test or ANOVA, as appropriate, followed by Bonferroni's multiple comparison post hoc test using GraphPad Prism 5.0. Differences at *P*\<0.05 were considered to indicate statistically significant differences.

Results
=======

IL-37 attenuated excessive release of inflammatory cytokines and lung pathological manifestations in the LPS-induced neonatal ARDS model
----------------------------------------------------------------------------------------------------------------------------------------

To detect the secretion levels of the inflammatory cytokines IL-1β, IL-8, TNF-α, and MCP-1, enzyme-linked immunosorbent assay (ELISA) kits were used at 12 and 48 h after LPS injection, showing that LPS injection increased the production of inflammatory cytokines. The levels of IL-1β, IL-8, TNF-α, and MCP-1 were significantly elevated and gradually increased with prolonged administration time in serum of mice in the LPS-induced group compared with the control group, showing the effect of IL-37 treatment ([Figure 1A--1D](#f1-medscimonit-26-e920365){ref-type="fig"}).

HE staining was performed to observe the pathological changes of the lung tissues. As shown in [Figure 1E](#f1-medscimonit-26-e920365){ref-type="fig"}, lung sections from LPS-induced neonatal mice confirmed alveolar congestion, hemorrhage, edema and inflammatory cell infiltration, which was more severe after LPS exposure for 24 h. In contrast, IL-37 treatment ameliorated the lung injury induced by inflammatory conditions.

IL-37 suppressed the CXCR4/SDF-1 chemokine axis in lung tissue of neonatal ARDS mice
------------------------------------------------------------------------------------

The chemokine receptor4 (CXCR4)/stromal-derived factor-1 (SDF-1) chemokine axis plays key roles in inflammation of injured tissues. Western blotting was used to analyze the expression levels of the proteins CXCR4 and SDF-1 and intercellular adhesion molecule-1 (ICAM-1) in lung tissues. As shown in [Figure 2A, 2B](#f2-medscimonit-26-e920365){ref-type="fig"}, the expression levels of CXCR4, SDF-1, and ICAM-1 were significantly increased in the LPS-induced group at 12 h and 24 h compared with normal mice. Moreover, mild increases were observed in protein expression at 24 h. However, IL-37 inhibited expression of CXCR4, SDF-1, and ICAM-1. Therefore, our results suggest that the CXCR4/SDF-1 chemokine axis is part of the mechanism underlying the inhibition effect of IL-37 on excessive inflammation.

IL-37 decreased the cell apoptosis rate induced by LPS
------------------------------------------------------

TUNEL assay was performed to detect cell apoptosis, indicating significant apoptosis in lung tissue induced by LPS compared to controls, while the number of apoptotic cells was markedly decreased after IL-37 treatment. The results show that lung tissues had a greater increase in the number of apoptotic cells 24 h after LPS injection ([Figure 3A](#f3-medscimonit-26-e920365){ref-type="fig"}). The proteins related to cell apoptosis were analyzed by Western blotting, showing that the expression levels of Bax and cleaved caspase3 were enhanced in lung tissues of LPS-induced mice, while the expression level of Bcl-2 was suppressed. Interestingly, IL-37 corrected the abnormal expression of these proteins, indicating that IL-37 protected against LPS-induced lung injury ([Figure 3B](#f3-medscimonit-26-e920365){ref-type="fig"}).

IL-37 inactivated the NLRP3 inflammasome pathway in the LPS-induced neonatal ARDS model
---------------------------------------------------------------------------------------

Western blotting and immunohistochemistry were performed to detect the expression of proteins related to NLRP3 signaling. The results showed that the expression levels of NLRP3, ASC, pro-IL-1β, IL-1β, pro-caspase1, and caspase1 were significantly upregulated, and these levels were higher after 24-h LPS exposure. IL-37 treatment suppressed the expressions of NLRP3, ASC, IL-1β, and caspase1, while IL-37 had no effect on the increased expression levels of pro-IL-1β and pro-caspase1 induced by LPS, suggesting the inhibition effect of IL-37 on LPS-induced activation of NLRP3 signaling ([Figure 4A, 4B](#f4-medscimonit-26-e920365){ref-type="fig"}). Moreover, immunohistochemistry results further confirmed that the expression level of NLRP3 was upregulated in lung tissues of LPS-induced mice, which were reversed by IL-37 treatment ([Figure 4C](#f4-medscimonit-26-e920365){ref-type="fig"}).

Discussion
==========

Interleukin (IL)-37 is a member of the IL-1 family. However, IL-37 is different from most IL-1 family members due to its biological properties of downregulating inflammation. In recent years, numerous studies have reported that IL-37 binds to IL-18 receptor and IL-18 binding protein to forms a complex that inhibits IL-18 activity \[[@b18-medscimonit-26-e920365]\]. Sharma et al. demonstrated that nuclear translocation of IL-37 is related to caspase-1 processing and reduced pro-inflammatory cytokines production induced by LPS \[[@b19-medscimonit-26-e920365]\]. Pro-inflammatory cytokines, especially tumor necrosis factor-α (TNF-α), have been identified as key mediators of pathogenesis of neonatal acute respiratory distress syndrome (ARDS) \[[@b20-medscimonit-26-e920365]--[@b22-medscimonit-26-e920365]\]. In the present study, 6-day-old neonatal C57BL/6 mice were used to establish the ARDS model induced by LPS to assess the anti-inflammatory effect of IL-37 in neonatal ARDS, showing that IL-37 significantly attenuated pathological changes of the lung tissues of neonatal ARDS mice, and reduced LPS-induced inflammatory reactions and apoptosis, indicating that IL-37 may be an effective therapeutic agent for neonatal ARDS treatment.

ARDS is a serious disease lacking effective treatment and is characterized by inflammatory pulmonary edema. Davino-Chiovatto et al. reported that lung inflammation was successfully induced by LPS in a mouse model of ARDS \[[@b23-medscimonit-26-e920365]\], consistent with our results. IL-37 significantly reduced the elevated levels of the inflammatory cytokines IL-1β, IL-8, TNF-α, and MCP-1, and ameliorated lung injury. In addition, the chemokine receptor4 (CXCR4)/stromal-derived factor-1 (SDF-1) chemokine axis, which is involved in inflammation of injured tissues, plays a role in the effect of IL-37 on release of inflammatory cytokines. Previous studies have demonstrated that the SDF-1/CXCR4 axis is involved in the progression and disease severity of idiopathic inflammatory bowel diseases \[[@b24-medscimonit-26-e920365]\]. Shi et al. also suggested that the SDF-1/CXCR4 chemokine axis plays an important role in the process of early acute lung injury \[[@b25-medscimonit-26-e920365]\]. Consistent with our results, blocking the SDF-1/CXCR4 axis ameliorated pulmonary inflammation in lung damage \[[@b25-medscimonit-26-e920365]\]. IL-37 inhibited the abnormal SDF-1 and CXCR4 overexpression induced by inflammation, indicating that IL-37 may have a therapeutic effect on lung injury induced by inflammatory conditions. Furthermore, IL-37 treatment attenuated the cell apoptosis rate and expression levels of proteins related to apoptosis of lung tissues in LPS-induced mice. As demonstrated by Pibao et al., miR-150 attenuates LPS-induced acute lung injury through alleviating A549 cell apoptosis and release of inflammatory cytokines by targeting AKT3 \[[@b26-medscimonit-26-e920365]\]. Based on the evidence presented above, we hypothesized that IL-37 exerts a suppressive effect on the excessive inflammatory response and cell apoptosis in lung tissue in neonatal ARDS.

Numerous studies have reported that the nucleotide-bound oligomerization domain (Nod)-like receptors (NLRs) play important roles in innate immune responses. NLRs are responsible for maturation and secretion of pro-inflammatory cytokines such as IL-1β and IL-18 \[[@b27-medscimonit-26-e920365]\]. The NLRP3 inflammasome, which is the best-defined NLR, can be activated in response to cellular stresses during cellular or tissue injury \[[@b28-medscimonit-26-e920365]\]. The inflammasome complex is composed of 3 proteins: the cytosolic sensor (NLRs or ALRs), the apoptosis-associated speck-like protein containing caspase-recruitment domain (ASC), and the effector molecule pro-caspase-1 \[[@b29-medscimonit-26-e920365]\]. The inflammasome adaptor ASC acts as a bridge between the sensor and pro-caspase-1 via molecular interactions. Activation of the NLRP3 inflammasome increases the inflammatory cytokines IL-18 and IL-1β, thereby aggravating excessive inflammation \[[@b30-medscimonit-26-e920365]\]. Inflammatory responses can be attenuated by inhibiting the activation of NLRP3 inflammasomes by elimination of damaged mitochondria \[[@b31-medscimonit-26-e920365]\]. In the present study, IL-37 remarkably decreased the expression of inflammasomes complex components and triggered the inactivation of NLRP3 inflammasomes signaling. These results further confirmed that NLRP3 inflammasomes signaling may also be involved in the mechanism underlying the inhibition effect of IL-37 on excessive inflammatory response induced by LPS challenge in lung tissue of neonatal AARDS mice.

Our study indicated that IL-37 inhibited excessive inflammatory response and cell apoptosis in lung tissue of neonatal AARDS mice and exerted a suppressive effect on the CXCR4/SDF-1 chemokine axis and NLRP3 inflammasome pathway ARDS. Our findings indicate that inactivation of the CXCR4/SDF-1 chemokine axis and NLRP3 inflammasome pathway may be involved in the mechanism underlying the therapeutic effect of IL-37 on neonatal AARDS. Our results provide novel insights and suggest possible therapeutic approaches for neonatal AARDS. The mechanism underlying the effect of IL-37 on neonatal ARDS warrants investigation in future studies.

Conclusions
===========

We found that IL-37 ameliorated lung pathological manifestations in LPS-induced neonatal ARDS mice. IL-37 attenuated LPS-induced excessive inflammatory cytokines production and cell apoptosis rate. Furthermore, IL-37 inhibited abnormal activation of the CXCR4/SDF-1 chemokine axis and NLRP3 inflammasomes activation in lung tissue in an LPS-induced neonatal ARDS model. Thus, IL-37 has promise as a clinically therapeutic agent in protecting against pulmonary injury resulting from chronic inflammation.
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![IL-37 attenuated excessive inflammatory cytokines release and lung pathological manifestations in an LPS-induced neonatal ARDS model. (**A**) Tumor necrosis factor-α (TNF-α), (**B**) interleukin-1β (IL-1β), (**C**) IL-8, and (**D**) monocyte chemotactic protein 1 (MCP-1) levels were detected with ELISA kits. (**E**) Representative images of hematoxylin and eosin (HE) staining lung tissues from different groups (×200 magnification). The data are expressed as means±SD from 3 independent experiments; \*\*\* *P*\<0.001 *vs.* Control. ^\#\#\#^ *P*\<0.001 *vs.* LPS.](medscimonit-26-e920365-g001){#f1-medscimonit-26-e920365}

![IL-37 suppressed inactivation of CXCR4/SDF-1 chemokine axis. (**A**) The expression levels of CXCR4, ICAM-1, and SDF-1 were measured by Western blotting at 12 h. (**B**) The expression levels of CXCR4, ICAM-1, and SDF-1 were measured by Western blotting at 24 h. The data are expressed as means±SD from 3 independent experiments; \*\* *P*\<0.01, \*\*\* *P*\<0.001 *vs.* Control. ^\#^ *P*\<0.05, ^\#\#^ *P*\<0.01 *vs.* LPS.](medscimonit-26-e920365-g002){#f2-medscimonit-26-e920365}

![IL-37 decreased cell apoptosis rate. (**A**) Cell apoptosis was analyzed by TUNEL staining (×200 magnification). (**B**) The expression levels of Bax, Bcl-2, cleaved caspase-3, and caspase-3 were measured by Western blotting. The data are expressed as means±SD from 3 independent experiments; \*\*\* *P*\<0.001 *vs.* Control. ^\#^ *P*\<0.05, ^\#\#\#^ *P*\<0.001 *vs.* LPS.](medscimonit-26-e920365-g003){#f3-medscimonit-26-e920365}

![IL-37 inactivated NLRP3 inflammasome pathway in LPS-induced neonatal ARDS model induced by LPS. (**A**) The expression levels of NLRP3, ASC, IL-1β, pro-IL-1β, pro-caspase-1, and caspase-1 were measured by Western blotting at 12 h. (**B**) The expression levels of NLRP3, ASC, IL-1β, pro-IL-1β, pro-caspase-1, and caspase-1 were measured by Western blotting at 24 h. (**C**) NLRP3 expression level was analyzed by immunohistochemistry (×200 magnification). The data are expressed as means±SD from 3 independent experiments; \*\* *P*\<0.01, \*\*\* *P*\<0.001 *vs.* Control. ^\#^ *P*\<0.05, ^\#\#\#^ *P*\<0.001 *vs.* LPS.](medscimonit-26-e920365-g004){#f4-medscimonit-26-e920365}
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